The aim of this study was to evaluate the effect of dietary lipid classes (phospholipid vs. neutral lipid) and level of n-3 highly unsaturated fatty acids (HUFAs) on growth, survival and digestive enzymatic activity in Atlantic cod (Gadus morhua) larvae. Larvae were fed enriched rotifers from mouth opening and were weaned to formulated diets during a co-feeding period lasting from 17 days post hatch (dph) to 24 dph. Larvae were fed exclusively compound diets from 24 dph until the end of the experiment. Three isoproteic and isolipidic compound diets with gradually decreasing levels of DHA and EPA in the dietary phospholipid fraction (diet PL3 > PL1 > NL1) and increasing levels of total dietary neutral lipids (PL3 < PL1 < NL1) were used. Larvae fed the PL3 or PL1 had a significant higher dry weight than larvae fed the NL1 diet at the end of the experiment (45 dph). Survival did not differ significantly between treatments. A gut maturation index based on the relation between the amount of the brush border enzyme alkaline phosphatase and the cytosolic enzyme leucine-alanine aminopeptidase showed that the enterocyte maturation on 35 and 45 dph was better in larvae fed the PL3 and PL1 diet than larvae fed the NL1 diet. Dietary composition did not significantly affect the activity of α-amylase, but an age specific decrease in activity was observed. The dietary composition did affect the specific activity of trypsin, although showing variation in pattern between different larval ages at sampling. The activity of neutral lipase showed high variability between dietary treatments, but at the end of the experiment the specific activity of neutral lipase was positively connected to the dietary neutral lipid levels. The results from this study showed that cod larvae use DHA and EPA in the phospholipid fraction more efficiently compared to those in the neutral lipid fraction.
Introduction
The commercial juvenile production of Atlantic cod (Gadus morhua) is still a challenge, much due to suboptimal nutrition during the first stages. Cod larval rearing is still largely depending on a live feed period with rotifers (Brachionus sp.) and Artemia during the early larval phase. The nutritional value of these commonly used live feed organisms is variable, and in particular the Artemia lipid composition after enrichment is rather unstable (Olsen et al., 2004) . Due to high costs in live feed production, one main objective in cod larval rearing is to formulate a compound diet that can substitute live prey, in particular Artemia, as early as possible during larval development. Cahu et al., as also reported by Hoehne (1999) and protein at the time of mouth opening and that they have a limited capacity to digest concentration of 2 mg C/l. From 17 to 24 dph there was an overlap between rotifers and 126 formulated diets, and the amounts of rotifers were gradually reduced. From 24 dph cod larvae 127 were fed formulated diets exclusively. 128
129
Small amounts of the experimental formulated diets were fed manually to the larvae (0.15 g x 130 10) on day 17 to start weaning. On 18 dph, 3g/day of formulated diets were added using 131 continuous automatic belt feeders, gradually increasing the amount of feed added per day to 132 each tank to 10g from 31 dph. A pellet size of < 200μm was used from 17 to 30 dph with an 133 increase to 200-400μm from 30 dph. An overlap using a mixture of both pellets sizes was 134 conducted from 30 to 36 dph. 135 136
Formulated diets 137
Three isoproteinic and isolipidic diets which varied in their lipid class composition, PL vs. NL, 138
were used (Table 1) . The lipid composition differed by the amount of cod liver oil, marine 139 lecithin and soybean lecithin added. PL3 and PL1 comprised a mixture of marine and soybean 140 lecithin as only source of lipids. The phospholipids were incorporated in two different levels 141 and in inverse relationship into the two different diets. NL1 contained only soybean lecithin 142 as the PL source and marine TAG (cod liver oil). These differences gave a proximate 143 composition with gradually decreasing levels of DHA and EPA in the dietary phospholipid 144 fraction (PL3>PL1>NL1) and increasing of total dietary neutral lipid levels (PL3<PL1<NL1) 145 (Table 1) . 146
All diets contained 51% defatted fish meal and 14% hydrolyzed fish meal (CPSP), 8% 147 vitamin mixture, 4% mineral mixture and 2% of betaine. The total lipid content in all diets 148 was 21%. The diets were manufactured by UMR 1067 of Fish Nutrition, IFREMER (France) 149 according to Gisbert et al. (2005) . 150
Sampling 151
All larvae were anaesthetised with Metacainum (Tamro 257675) and rinsed in distilled water 152 before further treatment. Larvae collected for enzyme assays were immediately frozen in 153 liquid nitrogen and stored at -80ºC. Larvae sampled to monitor growth were collected 154 individually in tin capsules and dried for 48 hours at 60ºC for dry weight (DW). 155 156
Growth and survival 157
On 1 dph 15 larvae were sampled randomly from all tanks, and on 10, 17, 24, 35 and 45 dph, 158 15 larvae were sampled from each tank. 159
The larval specific growth rate (SGR, %/days) was calculated according to Kjørsvik Before the introduction of the microdiets on 17 dph, 90 larvae were sampled and pooled from 174 all tanks. Larvae were sampled separately from each tank on 24 dph (n = 50/tank), 35 dph (n 175 = 30/tank) and 45 dph (n = 30/tank). In order to determine enzymatic activities in specific 176 segments, larvae older than 24 days were dissected after thawing as described by Cahu and 177
Zambonino Infante (1994) . The pancreatic segment, besides pancreas, comprised liver, heart 178 muscle and spine. The intestinal segment contained the intestine, muscle and spine. 179
Dissection was conducted under a binocular on a glass plate cooled on ice. 180
181
Seventeen and 24-days-old larvae were not dissected due to their smaller size. These larvae 182
were homogenized with a Vortex mixer at maximum speed for 30 s and centrifuged at 2000 g 183
(1 min and 4ºC) in order to tear up the larval abdomen and intestine. The supernatant was kept 184 and treated as the intestinal segments of dissected larvae. The pellet was homogenized in 500 185 μl cold distilled water and treated as pancreatic segments in dissected larvae. 186
Dissected samples (pancreatic and intestinal, 35 and 45 dph) were homogenized in 500 μl 187 cold distilled water using a homogenizer (Polytron, PT-MR 2100) at maximum speed for 30 s. 188
The homogenate was centrifuged at 3300 g (3 min and 4°C) and the supernatant was collected. 
Spectrofluorometric determination of neutral lipase (n-lipase) 214
Ten larvae were randomly sampled from all treatments on 35 and 45 dph. Larvae were 215 dissected as described above. Samples were homogenized on ice in 600 μl potassium 216 phosphate buffer (50 mM, pH 7.8) by an ultra-turrax homogenizer (T8, IKA Labortechnik). 217
After centrifugation at 3300 g (4 min and 4 ºC), the supernatant was collected. Larval samples 218 from each treatment were denatured at 80 ºC for 1 h to inhibit any enzyme activity and thus 219 were used as blanks. 220 N-lipase activities were determined by the method of Roberts (1985) 
Statistics 232
Data were tested for homogeneity of variances using a Levene test. To compare means, the 233 group data were statistically tested using one-way ANOVA followed by a Student-Newman-234
Keuls-Test for more than two means. When variances were not homogenate; a non parametric 235
Kruskal-Wallis test was accomplished. Two means were compared by a Student`s t-test. A 5 236 % level of confidence was used throughout. All statistical analysis was performed using the 237 software SPSS 14.0 for Windows. 238 239
Results 240
At the end of the rearing period, final dry weight was significantly higher in larvae fed the 241 PL3 (2.67 ± 0.39 mg) and PL1 (2.75 ± 0.52 mg) diets than the NL1 (2.23 ± 0.16 mg) diet (Fig.  242 1). Dry weight increased from 0.1 to 0.4 mg from hatching to 24 (dph) (Fig. 1) . Between 24 243 and 45 dph larvae fed the PL3 and PL1 diets increased their dry weight nearly 7 folds while 244 larvae fed the NL1 diet increased their dry weight 5.5 times. Growth in terms of daily weight 245 increase (DWI) was reduced in all treatments during the first 11 days (24 to 35 dph) when 246 larvae started to be fed dry feed only, compared to the co-feeding period (significant only in 247 the PL3 treatment). Thereafter the DWI increased significantly in the PL3 and PL1 treatment 248 during the last ten days of the experiment (35 to 45 dph, Table 2 ). When comparing different 249 dietary treatments at equal time intervals there were no significant differences in DWI. 250
Larval survival was not significantly affected by the different experimental diets (Fig. 2) . At 251 the end of the experiment the average survival was 12.2 ± 0.5 % for larvae fed the PL3 diet, 252
12.8 ± 3.5 % for PL1 and 15.7 ± 4.5 and for NL1-diet. 253 254 Activity of the brush border enzyme alkaline phosphatase (AP) was low in larvae on 17 and 255 24 dph. On 17 dph the average activity was 29.1 ± 6.7 mU/ mg protein, and no significant 256 alterations in AP activity were observed in larvae on 24 dph (Fig. 3A) . AP activity increased 257 strongly between 24 and 35 dph in all treatments, and on 45 dph activity of AP was 258 significantly higher in the PL3 treatment (4227 ± 290 mU/mg protein) than in the PL1 (3310 259 ± 325 mU/mg protein) and NL1 (2625 ± 496 mU/mg protein) treatment (Fig. 3B) . 260
261
The activity of the cytosolic peptidase leu-ala in larval homogenates increased significantly 262 from17 dph to 24 dph in all treatments (Fig. 3C) . As for alkaline phosphatase a strong 263 increase in leu-ala activity was seen from 24 to 35 dph, while the activity decreased in all 264 treatments thereafter, being significantly lower in PL1 and NL1 treatment. On 45 dph 265 significantly higher leu-ala activity was apparent in PL3-larvae (1498 ± 76 U/mg protein) than 266 in the PL1-(1175 ± 96 U/mg protein) and NL1-larvae (1252 ± 106 U/mg protein) larvae (Fig.  267   3D) . 268
269
The ratio of the amount of AP in brush border membrane to the amount of leu-ala on 35 and 270 45 dph (Table 3) showed a tendency towards higher values in larvae fed DHA and EPA in the 271 PL fraction of the diet. The ratio was significantly higher in larvae fed the PL3 diet on 35 dph 272 and in larvae fed the PL1 diet on 45 dph, being lowest in NL1-larvae on both days. 273 274 Pancreatic activity of amylase decreased significantly in all treatments between 17 and 24 dph 275 (Fig. 4A) , whereas a slight increase in intestinal activity was observed (Fig. 4B) . The activity 276 was higher in the pancreatic segment than in the intestinal segment on 35 dph (Fig. 4C and  277   4D ). Between 35 and 45 dph amylase activity decreased in the pancreatic segments, while it 278 was fairly stable in the intestinal segment. No significant differences in activity between 279 dietary treatments were evident during the experimental period. 280
281
The trypsin activity in the intestinal part was approximately one third of the activity in the 282 pancreatic part on 17 dph ( Fig. 5A and 5B). Between 17 and 24 dph, activity in pancreatic 283 segments decreased in all dietary treatments, being significantly lower in the PL3 and PL1 284 treatment. Simultaneously an increase in intestinal trypsin activity was observed. The 285 intestinal trypsin activity on 24 dph was not significantly different between treatments, while 286 NL1-larvae had a significantly higher activity in the pancreatic segment on that day than the 287 other treatments. 288
On 35 dph significant higher levels of trypsin activity in pancreatic segments were observed 289 in larvae fed the PL1 diet (Fig. 5C ). Intestinal activity of trypsin was also higher in PL1-290 larvae, although not significantly (Fig. 5D ). On 45 dph intestinal trypsin activity was 291 significantly higher in larvae fed the PL1 or the PL3-diet than the NL1 diet. The same 292 tendency was seen for the pancreatic trypsin activity, although not significant. 293 294 295 Specific activity of neutral lipase (n-lipase) in the pancreatic segments of 35-and 45-days-old 296 -larvae showed no differences between dietary treatments (Fig. 6A) . However, the specific 297 activity in intestinal segments showed significant differences between treatments on both days 298 (Fig. 6B) . On 35 dph the activity was higher in the PL3 treatment compared to the NL1 299 treatment, with PL1 being intermediate. 300
Between 35 and 45 dph the specific activity decreased significantly in the PL3 and PL1 301 treatment, being significantly higher in the NL1-treatment. On 45 dph the n-lipase pancreatic 302 activity was positively connected to the dietary level of triglycerides. 303 Generally, no clear differences in patterns of trypsin or amylase activity were observed 387 between dietary treatments. This might be explained by the dietary compositions comprising 388 comparable amounts of protein and starch in each of the diets. However, a significant higher 389 trypsin activity was measured in pancreatic segments on 35 dph in larvae fed the PL1 diet. 390
The same tendency was observed in intestinal segments. This might be explained due to 391 higher ingestion rates of the PL1 diet, and thereby ingestion of a higher amount of protein. 392
This assumption may also be supported by the tendency of PL1 larvae to possess higher daily 393
weight increase values between 35 and 45 dph. Previous experiments have shown that trypsin 394 activity is directly related to dietary protein content from 35 dph in sea bass larvae, whereas 395 this regulatory process may not be functional in younger larvae (Pères, et al., 1996) . 396
Hjelmeland et al. (1988) showed that ingestion of inert polystyrene spheres induced higher 397 levels of trypsin in pancreas and intestine of larval herring than in starved larvae. Experiments 398 with sea bass and turbot larvae, using live feed, also indicated better growth with high food 399 levels due to higher larval ingestion rates when diets had the same composition (Zambonino 400 The specific activity of n-lipase in intestinal segments was affected by the different diets. On 408 45 dph the lipase activity was 10 times higher in larvae fed the high NL levels (NL1) 409 compared with low NL levels (PL3). 410
The activity of n-lipase showed high variability between dietary treatments on both 35 and 45 411 dph. On 45 dph there was a clear relation between enzyme activity and dietary lipid 412 composition, suggesting that the mechanism of lipase regulation due to dietary composition in 413 cod may be activated at the end of the larval phase. Lipase activity in cod larvae did not seem 414 to be affected by the dietary lipid content in a comparable experiment during the first feeding 415 phase (5 to 17 dph) (Hoehne, 1999) and turbot from 7 dph (Hoehne, 1999). However, lipase 416 and PLA 2 activities were stimulated at the end of the larval phase in sea bass according to the 417 increase in the respective dietary substrates triglycerides and phospholipids (formulated diets 418 with 10-30% lipid) (Zambonino . that the specific activity of neutral lipase in turbot larvae (13 dph) was affected by the diet, 426 observing higher activity in larvae fed live feed compared with larvae fed formulated diets. As 427 previously discussed this might be explained by differences in ingestion rates. 428
All diets used in the present study supported the growth and development of cod larvae, but 429 growth was lower than reported in comparable studies reported by Folkvord (2005) In conclusion, rearing of cod larvae by substituting Artemia completely with a formulated diet 439 was successful. Larval growth and intestinal maturation suggested that the incorporation form 440 of DHA and EPA (PL or NL) in the diet may be crucial for cod larval development; being 441 more beneficial when DHA and EPA were present in the PL-fraction of the diets rather than 442 the NL-fraction. These results should be taken into account in the formulation of compound 443 diets for cod larvae. However, a more comprehensive gradient experiment is necessary to 444 evaluate the optimal lipid composition of an early weaning diet for this species. 
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